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THE RENIN-ANGIOTENSIN SYSTEM (RAS) is activated and involved in pathogenic mechanisms that result in diabetic nephropathy (DN), partially mediated by angiotensin II (ANG II) (9) . Indeed, some reports determined ANG II levels as 1,000 times higher in a diabetic population relative to control patients (25) . ANG II, a vasoconstrictor peptide, induces cellular dedifferentiation and proliferation, generates reactive oxygen species, and produces inflammation, apoptosis, and tubuloglomerular fibrosis (53) . Consequently, ANG II-mediated effects lead to the development and progress of DN toward end-stage renal disease (ESRD) (21, 55) .
Angiotensin converting enzyme 2 (ACE2) is a membranebound metallopeptidase with predominant localization to the apical plasma membrane of the proximal tubular epithelium in the kidney (49, 52) . ACE2 is one of the major renal peptidases that forms ANG-(1-7); a vasodilator/anti-inflammatory peptide, by cleaving the carboxy-terminal amino acid from ANG II (13, 50) . Accordingly, a key renoprotective role has been proposed for ACE2: retarding DN progression (38, 50) . Indeed, studies involving diabetic Akita mice (32) , streptozotocin (STZ) diabetic mice (8) , STZ diabetic rats (29, 49) , and mouse models of chronic kidney disease (12) demonstrated decreased renal ACE2 protein expression and activity. In addition, deletion or pharmacological inhibition of ACE2 in diabetic Akita and STZ diabetic mice, respectively, results in increased albuminuria and deteriorated renal function (45, 56) . Furthermore, administration of human recombinant ACE2 or mouse recombinant ACE2 to diabetic Akita mice or STZ diabetic rats, respectively, reduced albuminuria and kidney injury (31, 39) . Interestingly, a decrease in renal tubular and glomerular ACE2 expression was reported for type 2 diabetic patients with nephropathy (36, 41) . Other studies showed evidence for increased renal ACE2 in Akita, STZ, and db/db diabetic mice (10, 39, 56, 58, 59, 62) . Taken together, these results suggest ACE2 as a new promising target for preventing the onset and retarding the progression of DN.
At present, the primary biomarker used in the clinical diagnosis of chronic kidney disease (CKD) is urinary albumin excretion (33) . However, there is a debate regarding microalbuminuria as an early or specific marker of DN since clinical studies have reported that microalbuminuria subsides in ϳ55% of DN patients with significant decline in glomerular filtration rate (GFR) (48) , prompting a search for new markers of tubular injury. Components of the RAS, such as ACE and angiotensinogen, have been described as urinary constituents in patients or animal models of CKD (2, 24) . Recently, soluble ACE2 protein activity and expression have been detected in human and sheep urine (35, 44) , which is most likely due to proteolytic shedding of its ectodomain (10, 22, 27) . In clinical studies, urinary levels of ACE2 protein expression and activity were significantly increased in CKD (35) and in diabetic renal transplant patients (60) . Furthermore, a strong positive correlation was observed between urinary ACE2 mRNA expression and proteinuria levels in type 2 diabetic patients with nephropathy (51) . Consequently, it has been suggested that urinary ACE2 levels can reflect diabetic intrarenal changes and could be used as a potential early biomarker of DN (10, 35) .
The shedding of urinary ACE2 has been recently ascribed to actions of a disintegrin and metalloproteinase 17 (ADAM17) in a mouse model of type 2 diabetes (10) . In vitro, the catalytically active ectodomain of ACE2 was cleaved by ADAM17 in HEK293, Huh7, and human respiratory epithelial cells (22, 27) . ADAM17, also known as tumor necrosis factor-␣-converting enzyme (TACE) or CD156q, is a zinc-dependent pro-tease and the most active "sheddase" of the ADAMs family (43) . The metalloprotease domain mediates ectodomain cleavage, resulting in the release of several transmembrane proteins, a phenomenon known as 'shedding.' The role of ADAM17 in the regulation of the RAS is suggested by a study demonstrating increased ADAM17 levels in mice treated with ANG II (28) . Moreover, studies conducted on Chinese hamster ovary cells established that ADAM17 is able to cleave the ectodomain of ACE2 at the peptide sequence between Arg [708] and Ser [709] (26), but not ACE (52) . ADAM17 has also been implicated in the pathogenesis of various diseases, including renal inflammatory disease and fibrosis (34, 37) . Accumulating evidence suggests that increased ADAM17 activity results in increased insulin resistance and hyperglycemia (15, 17) . The tissue inhibitors of metalloproteinases (TIMPs) are endogenous inhibitors of matrix metalloproteinases, including ADAM17 (54) . TIMP3 has been shown to play a crucial role in the pathogenesis of various renal diseases, including DN (16) , and TIMP3 deficiency resulted in increased ADAM17 activity (15) and exacerbated DN (3). Furthermore, a clinical study conducted in type 2 diabetic patients demonstrated that a decrease in TIMP3 leads to ADAM17 overactivity in the circulation, resulting in increased insulin receptor resistance (5, 6) . Additionally, renal TIMP3 is decreased in STZ diabetic mice and in kidney biopsies from type 2 diabetic patients (16) .
The current study investigates the effect of hyperglycemia on urinary ACE2 excretion and suggests that renal tubular ACE2 shedding could be mediated via renal ADAM17 in type 1 diabetes-induced nephropathy.
MATERIALS AND METHODS

Study design. Male (8 wk old) diabetic Akita mice (C57BL/6-
Ins2
Akita /J) and their age-matched wild-type (WT) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed individually in plastic cages at room temperature (22°C) with 12:12 h light-dark cycle for 22 wk. Animals had free access to water and standard 18% protein rodent chow. Mice (10 wk old) were randomly assigned to three groups: 1) control, 2) Akita untreated, and 3) Akita treated with insulin. Blood glucose, body weight, food intake, water intake, and urine output were monitored weekly. All experiments were conducted in accordance to the guidelines of the Wright State University Animal Care and Use Committee.
Insulin treatment. Insulin treatment was delivered subcutaneously using a sustained-release insulin implant (LinBit for mice, Lin-Shin Canada, Toronto, ONT). The rate of insulin release from LinBit (0.1 U·day Ϫ1 ·implant Ϫ1 ) lasted for at least 30 days. Following brief anesthesia with isoflurane, insulin implants were immersed in betadine solution and implanted subcutaneously with a 12-gauge needle under the middorsal skin. The LinBit insulin implants are made from a mixture of insulin and microrecrystallized palmitic acid.
Body composition measurement. Body composition was measured using 1 H magnetic resonance spectroscopy (EchoMRI-100, Echo Medical System, Houston, TX). After the calibration of the apparatus, mice were introduced into a clean and transparent plastic cylinder and placed into the apparatus to determine fat content, lean mass, and total body water.
Measurement of blood glucose levels. Blood glucose concentration was determined by using a glucometer (FreeStyle Lite Blood Glucose Monitoring System, Abbott, CA) and FreeStyle Blood Glucose Test Strips. A gentle cut was made at the tip of the mouse's tail to draw venous blood samples for measurement. Values were recorded and expressed in milligrams per deciliter.
Urine collection. Mice were placed individually in metabolic cages for 24-h urine collection with free access to food and water. Protease inhibitors (Roche Diagnostics, Indianapolis, IN) were added to prevent protein degradation. Urine samples were collected in two steps every 12 h and kept at 4°C until the 24-h collection was completed. Samples were centrifuged at 3,000 g for 5 min at 4°C to remove cellular debris, and supernatants were aliquotted and stored at Ϫ80°C until use.
Cell culture. Human proximal tubular cells (HK-2 cells) were obtained from the American Type Culture Collection (Manassas, VA). Passages 5-8 were used for experiments. Cells were grown for 7-9 days in T25 flasks at 37°C with 5% CO2 in keratinocyte serumfree medium containing 0.05 mg/ml bovine pituitary extract, 5 ng/ml human recombinant epidermal growth factor (Life Technologies, Grand Island, NY), and an antibiotic-antimycotic mixture including 100 IU/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B (Cellgro, Manassas, VA). Media was changed every 2-3 days. At 80% confluence, media was removed and fresh media without or with 10 M ADAM17 inhibitor TNF-␣ protease inhibitor-1 (TAPI-1; Enzo Life Sciences, Farmingdale, NY) was added to the cells. After 24, 48, and 72 h of incubation, media was removed andquantification of immunostaining were performed using MetaMorph software (Molecular Devices).
ACE2 assay. ACE2 activity was measured using the fluorogenic substrate 7-Mca-APK(Dnp), purchased from Biomol International, in the presence of the ACE inhibitor lisinopril. Two microliters of kidney lysate (20 -30 g) or 1-to 10-l urine samples (20 -30 g ) were incubated with 100 l of the reaction buffer (50 mM Tris, pH 7.5, 5 mM ZnCl 2, 150 mM NaCl2, and 10 M lisinopril) and 4 mM Mca-APK(Dnp). After incubation at 37°C for 1-4 h, fluorescence was measured using a Fusion Packard plate reader (Packard BioScience, Meriden, CT) at 328-nm excitation and 393-nm emission wavelength. Specific activity of ACE2 was determined using the specific ACE2 inhibitor MLN-4760 (gift from Millenium Pharmaceuticals, Cambridge, MA). Results were expressed as picomoles per hour per microgram protein for kidney samples and nanomoles per hour per milligram creatinine for the urine samples.
In situ enzyme activity using mass spectrometry imaging. Consecutive tissue sections (12 m) were prepared from fresh frozen kidneys and incubated with 0.1 mM ANG II at 37°C for 5 min. A detailed description of the imaging technique has been published previously (19) . Briefly, matrix consisting of 10 mg/ml ␣-cyano-4-hydroxycinnamic acid in 60% methanol, 10% acetone, and 0.3% trifluoroacetic acid was spray-coated onto kidney tissue sections using a thin-layer chromatography nebulizer. Mass spectrometry images were obtained using an Autoflex III smartbeam matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF)/TOF instrument (Bruker Daltonics). The spectral analysis was performed with proprietary Bruker Imaging software.
Urinary albumin assay. Urinary albumin excretion was determined using a Mouse Albumin ELISA Quantitation Set (Bethyl Laboratories, Montgomery, TX) following the instructions of the manufacturer. Briefly, a 96-well plate coated with goat anti-mouse albumin antibody was incubated overnight with TBS containing 1% BSA followed by an incubation with diluted albumin standards and urine samples. After addition of horseradish peroxidase-conjugated secondary antibody and the substrate mixture, the reaction was stopped by 2 N H 2SO4. Measurements were taken at 450 nm by using a Fusion Packard plate reader.
Urinary and plasma creatinine assay. Urinary and plasma creatinine levels were carried out using a kit purchased from Quidel (San Diego, CA). Urine, plasma samples, and standards were diluted with distilled water (1:40) and then loaded into a 96-well plate, followed by addition of a color reagent. After a 30-min incubation, measurements of optical density were taken at 450 nm by using a Fusion Packard plate reader.
Plasma hormones and lipid measurements. Trunk blood was collected in ice-chilled heparinized tubes. Blood was centrifuged at 10,000 g for 10 min at 4°C. Plasma was separated, aliquoted, and stored at Ϫ80°C. Plasma samples were analyzed for insulin, glucagon, adiponectin, leptin, and triglyceride levels at the Mouse Metabolic Phenotyping Center (Cincinnati, OH).
Statistics. Statistical analysis was carried out with Statistica software (version 10) and GraphPad Prism (5.01). All data are presented as means Ϯ SE. An unpaired Student's t-test was used to evaluate the difference between two groups. However, for more than two groups, one-way ANOVA was used. The differences in metabolic parameters (blood glucose, body weight, food intake, water intake, body fat, lean body mass, and total body water) were assessed by repeated measures two-way ANOVA. A probability value of Ͻ0.05 was considered significant. If a significant difference was recognized, a Bonferroni multiple comparison test was performed.
RESULTS
Insulin normalizes hyperglycemia in diabetic Akita mice.
Blood glucose levels were monitored weekly for a period of 20 wk (10 -30 wk old). Akita (10 wk old) mice developed significantly higher blood glucose levels compared with WT mice, and the levels consistently increased throughout the study period (Fig. 1A) . Chronic treatment of diabetic Akita mice with insulin implants normalized hyperglycemia after 1 wk and throughout the 20-wk duration of treatment ( Fig. 1A , P Ͻ 0.0001).
Effects of insulin treatment on general metabolic and plasma parameters in diabetic Akita mice. As shown in Table 1 , food intake, water intake, and urine output of diabetic Akita mice consistently increased, whereas body weight and absolute body fat decreased with age compared with WT mice. Plasma insulin, leptin, and adiponectin levels were significantly decreased in diabetic Akita mice compared with WT mice, while plasma glucagon and triglycerides levels were significantly increased (P Ͻ 0.05). Chronic treatment of diabetic Akita mice with insulin resulted in a significant increase in absolute body fat, but not body weight, compared with untreated diabetic Akita mice. In addition, insulin treatment of diabetic Akita mice demonstrated a significant decrease in food intake, water intake, and urine output compared with untreated diabetic Akita mice (P Ͻ 0.05). Treatment of diabetic Akita mice with insulin significantly increased plasma insulin, leptin, and adiponectin levels, while glucagon and triglycerides levels were significantly decreased to levels observed in WT mice. In addition, plasma creatinine levels were significantly higher in diabetic Akita mice compared with WT mice while insulin treatment significantly reduced plasma creatinine levels in diabetic Akita mice.
Insulin ameliorates urinary albumin excretion in diabetic Akita mice. There was a significantly higher urinary albumin excretion in diabetic Akita mice compared with age-matched WT mice (Fig. 1B , *P Ͻ 0.001 vs. WT), and chronic treatment with insulin for 20 wk demonstrated a significant decrease in urinary albumin excretion of the treated diabetic Akita mice compared with untreated diabetic Akita mice (Fig. 1B , #P Ͻ 0.001 vs. untreated Akita). In addition, progression of the disease manifested by worsening of albuminuria in 10-and 30-wk-old untreated Akita mice (Fig. 1C , #P Ͻ 0.001).
Insulin decreases renal and urinary ACE2 activity and plasma creatinine in diabetic Akita mice. There was a significant increase in renal and urinary ACE2 activity in diabetic Akita mice compared with WT mice (Fig. 2, A and B, *P Ͻ 0.001 vs. WT). Chronic treatment with insulin for 20 wk significantly reduced renal and urinary ACE2 activity in treated diabetic Akita mice compared with untreated diabetic Akita mice (Fig. 2, A and B, #P Ͻ 0.001 vs. untreated Akita mice). In addition, there was a significant decrease in urinary ACE2 activity in 30-wk-compared with 10-wk-old diabetic Akita mice (Fig. 2C , #P Ͻ 0.001). The ACE2-specific inhibitor MLN-4760 (MLN in Fig. 2) , was added to the reaction mixture to confirm the specificity of the assay. There was no detectable urinary ACE2 activity in the WTϩMLN or AkitaϩMLN groups (Fig. 2D , #P Ͻ 0.001). In addition, ACE2 activity was not detected in plasma of WT, Akita, or insulin-treated Akita mice ( Fig. 2A) .
Insulin decreases renal cortical ANG-(1-7) formation in diabetic Akita mice.
Renal ACE2 activity in WT, Akita, and insulin-treated Akita mice was further investigated by MALDI imaging. This mass spectrometry-based in situ enzyme assay allows for the localization of regional ANG-(1-7) formation within a tissue section using the endogenous substrate ANG II. An elevated ANG-(1-7) formation was detected in diabetic Akita mice, confirming the results obtained with the fluorogenic enzyme assay (Fig. 2E ). In addition, the increased ANG-(1-7) formation was predominantly located in the renal cortex of diabetic Akita mice.
Insulin attenuates expression of renal and urinary ACE2, renal ADAM17, but not renal TIMP3 in diabetic Akita mice. Western blotting revealed that renal ACE2 protein expression, represented by immunoreactive bands at ϳ90 kDa, was increased in diabetic Akita mice compared with WT (Fig. 3A , *P Ͻ 0.001 vs. WT). Renal ACE2 significantly decreased in insulin-treated Akita compared with untreated diabetic Akita mice (Fig. 3A , #P Ͻ 0.001 vs. untreated Akita mice). In addition, Western blotting detected immunoreactive bands of urinary ACE2 at ϳ70 kDa (Fig. 3B) . Urinary ACE2 protein expression was increased in diabetic Akita mice compared with WT mice (Fig. 3B , *P Ͻ 0.001 vs. WT) and significantly reduced in insulin-treated diabetic Akita mice (Fig. 3B , #P Ͻ 0.001 vs. untreated Akita mice). The protein expression profile of ADAM17 was identical to renal and urinary ACE2 expression showing an increase in diabetic Akita mice compared with WT mice (Fig. 3C , *P Ͻ 0.001 vs. WT), which was reversed by insulin treatment (Fig. 3C , #P Ͻ 0.001 vs. untreated Akita mice). In contrast, renal TIMP3 protein expression was not significantly different in diabetic Akita mice compared with WT mice and was also not changed by insulin treatment in diabetic Akita mice compared with untreated diabetic Akita mice (Fig. 3D) .
Inhibition of ADAM17 decreases renal ACE2 shedding in human renal proximal tubular HK-2 cells. To confirm ADAM17-mediated ACE2 shedding, ACE2 expression was analyzed in cell media obtained from human renal proximal tubular HK-2 cells in the absence or presence of 10 M ADAM17 inhibitor TAPI-1. Results show that ACE2 shedding into the cell media was significantly decreased by treatment of the cells with the ADAM17 inhibitor (Fig. 4 , *P Ͻ 0.05).
Insulin abolishes renal histopathological changes in diabetic Akita mice. Glomerular mesangial expansion in diabetic Akita mice was significantly increased compared with WT mice (Fig. 5A , *P Ͻ 0.001 vs. WT). Quantitative analysis of Masson's trichrome staining of individual glomerular tufts revealed a significant increase in renal fibrosis in diabetic Akita mice compared with WT mice (Fig. 5B , *P Ͻ 0.001 vs. WT). Mesangial expansion and renal fibrosis were significantly decreased upon treatment with insulin (Fig. 5, A and B, #P Ͻ 0.001 vs. untreated Akita mice). Immunofluorescence analysis confirmed increased renal protein expression of ACE2 and ADAM17 in diabetic Akita mice, which was reversed by insulin treatment (Fig. 5, C and D) . Furthermore, immunofluorescence detected strong colocalization of renal ACE2 and ADAM17 to the apical side of the proximal tubule brushborder membrane in diabetic Akita mice (Fig. 5E) .
Regression analysis between urinary ACE2 activity and albuminuria, blood glucose, and plasma levels of glucagon, triglycerides, and creatinine. Urinary ACE2 activity correlated positively with urinary albumin, blood glucose, plasma glucagon, triglycerides, and creatinine levels ( Fig. 6 , P Ͻ 0.0001).
DISCUSSION
DN is still the leading cause of end-stage renal disease and is diagnosed by the presence of albuminuria within the range of microalbuminuria (23) . In the present study, Akita mice developed significant, progressive, and durable hyperglycemia through the 20-wk study period, which was associated with albuminuria and renal functional and structural abnormalities.
By 30 wk of age, the level of hyperglycemia and albuminuria in Akita mice matched other studies conducted in a model with the same (C57BL/6) genetic background (3, 32) . Monitoring of the metabolic parameters demonstrated that Akita mice had a higher daily water intake (polydipsia), food intake (polyphagia), and urine output (polyuria), whereas body weight and fat composition were significantly less than in WT mice. Additionally, as expected, analysis of plasma hormones and lipid profiles revealed that Akita mice had severe insulin deficiency and reduced adiponectin and leptin concentrations. Conversely, there was an increase in plasma glucagon, triglycerides, and creatinine in Akita mice compared with WT mice. Numerous studies have suggested the association between hyperglycemia and albuminuria in various genetic backgrounds of Akita mice (7). Our results are in agreement with those studies and demonstrate that as the disease progresses, hyperglycemia increases, which results in a significant increase in albuminuria in 30-wk-compared with 10-wk-old Akita mice. Albumin excretion levels observed in our study were similar to the ones reported by others using Akita with a C57BL/6 background (3, 32). Interestingly, albumin excretion in (C57BL/6) Akita mice is less robust compared with 20-wk-old (FVB/NJ) Akita mice (7) . Based on quantitative histomorphometric assessments, Akita kidneys developed a moderate increase in glomerular mesangial matrix expansion and glomerular fibrosis, which resembles the early histological lesions seen in humans with type 1 diabetes-induced nephropathy (7, 32) . The renal histopathological findings of the present study were similar with other Akita genetic strains (3, 7, 32, 39) .
As recent studies suggested the presence of urinary ACE2 in type 2 diabetic patients (35), we investigated in a similar manner whether type 1 diabetic Akita mice excrete ACE2. Indeed, the present study is the first to show increased urinary ACE2 in a genetic mouse model of type 1 diabetes. The higher urinary ACE2 levels were associated with increased renal ACE2 and ADAM17 protein expression. Since ADAM17 has been shown to increase the ectodomain shedding of ACE2 (27) , we propose that elevated levels of urinary ACE2 may be due to a rise in ectodomain shedding of renal ACE2 mediated by ADAM17 in the tubular membrane facing the luminal side instead of increases in plasma ACE2 and glomerular filtration rate. Indeed, authors of a recent clinical study speculated that in patients with chronic kidney disease, ACE2 sheds directly from the proximal renal tubules into the urine via ADAM17, although at the time this notion was not confirmed experimentally (35) . This conclusion is supported by our findings showing the colocalization of renal ACE2 and ADAM17 in cortical tubules. Additionally, the molecular mass of urinary ACE2 was ϳ20 kDa lower than the molecular mass of kidney ACE2. Furthermore, plasma ACE2 activity was not detectable in untreated or treated Akita mice or WT mice. Work in our laboratory and others have confirmed the lack of ACE2 in plasma of db/db diabetic mice or lean control mice (10), or in CKD patients or healthy subjects (35) . The absence of detectable ACE2 activity in plasma has been attributed to the presence of endogenous ACE2 inhibitor (30); however, other studies have shown an elevation of serum ACE2 activity in type 1 diabetic patients (46) , in serum of sheep (44) , in plasma of STZ diabetic mice (38) , and in rats (61) . The discrepancy between these results might be explained by differences between plasma or serum preparations, species, incubation time, type of buffer, or substrate used in the ACE2 enzyme activity assays.
In the present study, Western blot analysis of urinary ACE2 detected immunoreactive bands at ϳ70 kDa in Akita mice, suggesting that the soluble form of ACE2 (ϳ70 kDa, urinary ACE2) is the shed fragment of membrane-bound ACE2 (ϳ90 kDa, renal ACE2). This finding is in agreement with two recent clinical studies showing ACE2 expression as three bands in immunoblots of urine samples from patients with CKD and diabetic renal transplant recipients, the glycosylated form of ACE2 at ϳ120 kDa, membrane-bound ACE2 at ϳ90 kDa, and a cleaved fragment of ACE2 at ϳ75 kDa (35, 60) . To confirm whether an increase in urinary ACE2 expression is directly associated with an increase in urinary ACE2 activity, we quantified ACE2 enzymatic activity. In line with the Western blot results, there was a significant increase in urinary ACE2 activity in Akita mice compared with wild type mice. These results confirm a recent study in type 2 db/db diabetic mice (10) . In the present study, addition of ACE inhibitor lisinopril to the buffer of ACE2 enzymatic activity assay did not affect urinary ACE2 levels. This finding supports a clinical study that used ACE inhibitors (ACEi) or angiotensin receptor blockers (ARB) in patients with DN, in which urinary ACE2 levels were not altered (35) . In contrast to urinary ACE2, microalbuminuria was decreased by ACEi in type 2 diabetic patients but did not prevent the progression toward end-stage renal disease as shown in the ADVANCE trial (11) . Similarly, treatment with ACEi or ARB diminished urinary albumin excretion but did not affect urinary ACE2 in type 2 diabetic db/db mice (58). In the current study, MLN-4760, the pharmacological inhibitor of ACE2, significantly reduced urinary ACE2 activity in both Akita and WT mice, which confirms the specificity of the conducted ACE2 activity assay.
To investigate the effect of aging on urinary ACE2 levels, urine specimens from 10-wk-old Akita mice were compared with 30-wk-old Akita mice. It was found that younger animals had higher urinary ACE2 activity than older animals, indicating that with the progression of disease, the kidney is unable to maintain the same levels of renal ACE2, most likely due to depletion into the urine. It also reflects the possibility of using urinary ACE2 as an early biomarker of diabetic kidney disease. This notion is supported by several clinical studies that reported increased urinary ACE2 levels in patients with CKD and diabetic renal transplant recipients (35, 60) . There was also a strong correlation between urinary ACE2 mRNA and the degree of proteinuria in type 2 diabetic patients (51) . The present study showed that urinary ACE2 levels are positively correlated with albuminuria, blood glucose, plasma glucagon, triglycerides, and creatinine. This supports our previous results conducted in type 2 db/db diabetic mice (10) and a recent clinical study (40) . The relationship between urinary ACE2 levels and other risk factors of metabolic and kidney dysfunction implies that urinary ACE2 levels may be considered as an additional and independent risk factor of diabetic kidney disease.
It is well known that overactivation of the RAS in both types of diabetes with subsequent abundant generation of ANG II plays an important role in the progression of DN (20) . Therefore, it is assumed that ACE2 has an endogenous renoprotective function due to its ability to degrade ANG II, thereby reducing the deleterious ANG II-mediated effects in diabetes (47) . The present study showed a significant increase in protein expression and activity of renal ACE2 in Akita mice compared with WT mice. Western blotting, immunostaining, and fluorogenic enzymatic activity assay have confirmed this finding. Moreover, MALDI imaging analysis confirmed an increase in ANG-(1-7) formation in diabetic Akita mice compared with WT mice. Mass spectrometry is superior to the current existing detection methods in terms of specificity, accuracy, selectivity, and the ability to simultaneously detect multiple analytes. Our new in situ method has the added advantage of allowing for the regional quantification of enzymatic activity within tissue sections (19) . Using this powerful technique, we demonstrated that the increase in ANG-(1-7) formation was predominantly localized in the cortex, the key site of ANG-(1-7) formation in the kidney. This finding is also in agreement with previous studies, which demonstrated an increase in renal tubular ACE2 expression and activity in type 2 db/db diabetic mice compared with lean control mice (10, 58) . Increased renal ACE2 protein expression or activity was also observed in various other studies using Akita, db/db, and STZ diabetic mice (39, 56, 58, 59, 62) . Interestingly, renal ACE2 mRNA levels were elevated in diabetic Akita animals (39, 56) but not in STZ and db/db mice (59, 62) , suggesting that other mechanisms may be responsible for upregulation of renal ACE2 in addition to transcriptional regulators. These findings are in contrast to other studies reporting on decreased renal ACE2 expression and activity in experimental models of diabetes including Akita mice (32) , STZ mice (8), STZ rats (29, 49) , and mouse models of chronic kidney disease (12) . Despite the controversy, we postulate that an increase in renal ACE2 in cortical tubules could be the earliest positive feedback response to hyperglycemia and a possible compensatory protective mechanism opposing the toxic effects of sustained hyperglycemia, elevated levels of ANG II, and increased ADAM17-mediated ACE2 shedding during the initial stages of kidney damage. This study is the first report that shows an increase in renal ADAM17 protein expression in type 1 diabetic Akita mice as shown by Western blotting and immunostaining, confirming our previous study conducted in type 2 diabetic db/db mice (10) . In addition, a significant increase in renal ADAM17 activity was found in STZ and OVE26 diabetic mice (16, 18) . However, there was no significant difference in renal ADAM17 mRNA expression between Akita and WT mice, suggesting that increased ADAM17 protein expression in diabetes may not be regulated at the mRNA level (3) . A 2005 study reported that ADAM17 mediates active ectodomain shedding of ACE2, but not ACE, in vitro (52). In addition, several studies conducted in different cell lines reported that overexpression of ADAM17 increases shedding of active extracellular domain of ACE2 in HEK293 cells and in Huh7 cells (27) . The present study shows that pharmacological inhibition of ADAM17 reduced shedding of ACE2 in human renal proximal tubular HK-2 cells, which have been shown to provide a reliable model for the study of proximal tubular cells (42) .
Clinical studies conducted in patients with DN proposed that TIMP3, a physiological inhibitor of ADAM17, could contribute to the development and progression of DN (14, 57) . We speculated that hyperglycemia decreases renal TIMP3 protein expression, resulting in increased ADAM17. Our speculation was supported by recent studies that reported a significant decrease in renal TIMP3 in STZ diabetic mice and in type 2 diabetic patients (16), leading to elevated circulating levels of ADAM17 (5, 6). Interestingly, Western blotting performed in the present study revealed no significant difference in renal TIMP3 protein expression in Akita mice compared with WT mice, indicating other indirect, TIMP3-independent pathways.
Finally, the present study investigated the effect of normalizing hyperglycemia on cardiovascular risk factors, renal ADAM17, ACE2, TIMP3 expression, urinary ACE2, and albumin excretion in Akita mice. Insulin treatment normalized hyperglycemia and other metabolic and plasma parameters. The results shown above were confirmed by a previous study conducted in STZ diabetic mice treated with insulin implants (8) . Moreover, there was a significant attenuation in urinary albumin excretion and renal histopathological lesions of treated Akita mice. As expected, previous findings in STZ diabetic mice, nonobese diabetic mice, and type 1 diabetic patients treated with subcutaneous insulin showed the significant role of glycemic control in the delayed onset or reduced progression of diabetic nephropathy (1, 4, 8) . Interestingly, treatment with insulin decreased both urinary and renal ACE2 protein expression and activity in treated Akita mice. This contrasts previous results using type 2 diabetic mice where normalizing hyperglycemia with the insulin sensitizer rosiglitazone had no effect on renal ACE2 expression, highlighting the difference in both diabetic models (10) . Accordingly, we also tested the effect of normalizing hyperglycemia on renal ADAM17 and TIMP3 protein expression. Treatment with insulin decreased renal ADAM17 protein expression in Akita mice. As expected, treatment with insulin had no effect on renal TIMP3 protein expression in Akita mice, suggesting that hyperglycemia has no immediate impact on ADAM17 via TIMP3.
In conclusion, our results suggest that hyperglycemia increases renal ACE2 and ADAM17 expression in coalition with Fig. 6 . Regression analysis between urinary ACE2 activity and albuminuria, blood glucose, and plasma levels of glucagon, triglycerides, and creatinine. A: regression analysis showed a significant positive correlation between urinary ACE2 activity and urinary albumin excretion. B: regression analysis showed a significant positive correlation between urinary ACE2 activity and blood glucose. C: regression analysis showed a significant positive correlation between urinary ACE2 activity and plasma glucagon. D: regression analysis showed a significant positive correlation between urinary ACE2 activity and plasma triglyceride. E: regression analysis showed a significant positive correlation between urinary ACE2 activity and plasma creatinine. a rise in urinary ACE2 excretion most likely due to increased shedding of renal ACE2 mediated by ADAM17. The euglycemic effect of insulin decreased urinary ACE2 excretion, restored renal ACE2 and ADAM17 expression back to physiological levels, and normalized the rate of shedding. A strong positive correlation of urinary ACE2 with other independent risk factors for diabetic kidney disease suggests the important clinical relevance of urinary ACE2 as a marker for diabetic renal impairment and an indicator for medical therapy intervention.
